INTRODUCTION
Fruits and vegetables consumption is consistently associated with a decrease in lipemia along with a decrease in the risk for cardiovascular diseases (CVD) and stroke, diabetes, and obesity (1) (2) (3) . Such effects were attributed to dietary fibers and phenolic compounds. Polyphenols, which are abundant in fruits, vegetables and beverages, e.g. tea and red wine, are very heterogenous and their main classes are defined from the nature of their carbon skeleton (4) . Flavonoids, the most abundant polyphenols in our diet, can be divided into several classes : flavones, flavonols, isoflavones, anthocyanins, flavanols, procyanidins and flavanones. The protective effect of flavonoids against CVD has been attributed to several mechanisms, including inhibition of LDL oxidation (5) and of platelet aggregation (6) , and improved endothelial function (7) . More recently, it has been shown that flavonoids could interfere with the synthesis and secretion of triglyceride-rich lipoproteins (TRL) in hepatocytes (8) (9) (10) .
In addition to hepatocytes, enterocytes are able to synthesize intestine-specific TRL, namely chylomicrons, the secretion of which ensure the delivery of dietary lipids to the body. TRL are composed of a core of neutral lipids, mostly triglyceride (TG) but also cholesterol esters (CE), surrounded by a monolayer of amphipathic lipids such as phospholipids and cholesterol. Apolipoprotein B (apoB) plays a major structural role in the assembly of TRL and is required for their secretion. In humans, hepatic TRL, i.e. VLDL, comprise an apoB100 isoform, whereas intestinal TRL, i.e.
chylomicrons, comprise an apoB-48 isoform, resulting from the edition of apoB mRNA. TRL assembly has been mostly characterized in hepatocytes as a two-steps process : the formation of a lipid-poor apoB-particle , followed by its fusion with a TGrich apoB-free lipid droplet under the action of the microsomal triglyceride protein (MTP) (for review see (11, 12) lysophospatidylcholine, cholesterol and biliary salts (13) . After absorption, FA and MG are used for intracellular de novo synthesis of TG. Concomitantly, absorbed cholesterol is esterified by acyl-coenzyme A:cholesterol acyltransferase (ACAT), but its requirement for chylomicron assembly and secretion is still debated (14) .
Though postprandial lipemia is a physiological phenomenon occurring several times a day after each ingestion of dietary fat, clinical data show a correlation between postprandial lipemia and the progression of coronary artery disease (15) . Indeed, exaggerated postprandial hyperlipidemia, resulting from an excess of dietary sources or an ineffective clearance of TRL, leads to an accumulation of TRL remnants in plasma that may have adverse effects on vascular endothelium (16) . In this context, it is obvious that modulation of intestinal lipoproteins secretion should play an important role in the control of CVD risk factors.
Apples and wine being demonstrated to reduce plasma lipids levels and atherosclerosis progression (17) (18) (19) , the objective of our study was to examine the potential role of polyphenols on the synthesis and secretion of intestinal lipoproteins using the human enterocyte Caco-2/TC7 cells (20) . To get closer to physiology in analysing intestinal lipid metabolism, Caco-2/TC7 cells were cultured on microporous filters which delineate apical and basal compartments. Dietary lipids were supplied in the apical compartment as complex micelles (21) mimicking the postprandial duodenal content after a fat-rich meal (13) .
Our results clearly demonstrate that a procyanidin-enriched fraction isolated from apple polyphenols extract decreases the esterification of cholesterol and impairs the intestinal lipoprotein secretion. Such results may account for the protective effect of polyphenols against postprandial hypertriglyceridemia observed in vivo.
MATERIALS AND METHODS

Materials
Unless indicated, all chemicals were purchased from Sigma (Saint-Quentin-Fallavier, France 
Micelles preparation and incubations
Lipids were brought to the cells as a complex lipid emulsion containing 0,6 mM oleic 
Analysis of lipids
Lipids extraction from media (1 ml) or sonicated cell lysates (0.1 ml adjusted to 1 ml with serum-free medium) were carried out as previously described (21) except that counting was performed in a Tri-Carb scintillation counter (Packard, Rungis, France).
Western blotting
Immediately after collection, cell culture media (200 µl) were mixed with 20 µl of PBS 10X containing 10% triton X100, 50 mM EDTA and 2 µl of a protease inhibitor cocktail (P8340, Sigma), then stored at -20°C until analysis. Culture media (20 µl) were boiled for 4 min in Laemmli buffer and fractionated under reducing conditions in a 6% polyacrylamide gel. Proteins were transferred on Bio-Rad nitrocellulose membranes for two hours at 50V using a mini-Trans-Blot Cell (Bio-Rad) in 25 mM
Tris, 192 mM glycine. The membrane was soaked overnight at 4°C in TBS-T (20 mM
Tris-HCl, PH 7.6, 137 mM NaCl, 0.1% Tween-20) containing 10% non fat dry milk.
Blots were probed for one hour at room temperature using rabbit polyclonal anti-apo B antibodies (1/10000), then peroxidase conjugated goat anti-rabbit immunoglobulins and developed using ECL western blotting reagents according to the manufacturer's instructions (Amersham-Pharmacia, Orsay, France). Films were scanned and quantified using Scion Image software.
Separation of lipoproteins
After incubation for 30 min in a cys/met-free medium (GibcoBRL), cells were incubated during 24h in a cys/met-free medium supplemented with 150 µCi/ml [ Media (4 ml) were layered under 4 ml of 0.15 M NaCl and centrifuged at 10 000 x g for 30 min at 20°C. The 1.5 ml top fraction, containing chylomicrons, was recovered and washed once by ultracentrifugation at 100 000 x g for 18h in a new tube containing 4 ml of culture medium containing 20 % FCS and adjusted to 8 ml with 0.15 M NaCl. The chylomicron-depleted basolateral media were adjusted to 8 ml with 0.15M NaCl and sequential ultracentrifugation was performed, as described previously (22) Samples (20 µl) were separated onto 6 % SDS-PAGE and gels were processed for fluorography and/or placed against Phosphorimager screens for the quantification of individual bands corresponding to apoB100 and apoB48.
Pulse-chase analysis
After incubation for 1h in a cys/met-free medium (GibcoBRL), cells were pulsed for 
Preparation of Procyanidin-enriched fraction
Procyanidin-enriched fraction was prepared from Applephenon C100. Procyanidinsenriched fraction was purified on a Sephadex LH-20 column (55x3 cm i.d.; 100 µm; Pharmacia) from 1.7 g of Applephenon C100. The following eluents were successively applied: water (1000 mL), methanol/water 1:1 (3200 mL), and acetone/water 7:3 (220 mL). 
Statistical analysis
Results are expressed as means ± SD. Statistical analysis was performed by the Student's t test for unpaired data.
RESULTS
Polyphenols were supplied at the apical side of Caco-2/TC7 cells, using concentrations similar to those reached in physiological conditions. Indeed, the maximal dose of apple or wine polyphenols extracts used in this study corresponded to the consumption of three apples or half a litter of wine per day, respectively (4).
These concentrations did not induce any toxic effect, as assessed by XTT assay and lactate dehydrogenase (LDH) activity measurement (data not shown). In the same time, apple polyphenols dose-dependently lowered the secretion of all classes of newly synthesized lipids, resulting at 500 µg/ml in a 77% decrease in cholesterol esters (0.032 ± 0.008 vs 0.14 ± 0.02 pmol / dish; p< 0.001), a 61% decrease in phospholipids (0.24 ± 0.07 vs 0.61 ± 0.12 nmol / dish; p<0.001) and a 92% decrease in triglycerides (0.16 ± 0.1 vs 1.9 ± 0.4 nmol /dish; p <0.001) in the basal media. Again, no effect on the secretion of lipids was observed with wine polyphenols, whatever their concentration.
Apple polyphenols decrease apoB and lipoproteins secretion
Lipids being secreted associated with apoB, we quantified by western blotting the apoB secreted in the basal medium after 24h of contact with micelles supplemented or not with apple polyphenols. Micelles supply induced a 4-fold increase in apoB48 secretion in the basal medium (Fig 2A) . The addition of apple polyphenols dosedependently decreased the secretion of apoB48, as compared to micelles added alone (65% and 81% at 200 and 500 µg/ml, respectively). To further characterize the effect of polyphenols on the pattern of secreted lipoproteins, cells were incubated for 24 hours in the presence of [ 4) , polyphenols addition resulted in the inhibition of both apoB100 and apoB48 secretion. Moreover, this effect was observed in all the lipoprotein fractions. Interestingly, the inhibitory effect of polyphenols on apoB100 and apoB48 secretion was found very efficient on cells that were not incubated with micelles. Indeed, the secretion of triglyceride-rich lipoproteins (d<1.006 g/ml) was not detectable and that of lipoproteins floating at d>1.006 g/ml was strongly impaired (lane 2).
Apple polyphenols inhibit [
S] met/cys incorporation into apoB
Previous studies have demonstrated that decrease of apoB secretion could be due to a decrease of its synthesis or to an increase of its degradation (24, 25) . In order to identified the points of control of apoB decrease under supplementation with apple polyphenols, pulse-chase experiments were performed. After 30 min pulse, incorporation of [ 35 S] met/cys into apoB decreased by 60% when 500 µg/ml apple polyphenols were added on the apical medium ( figure 3A) . Over the 3h chase, the newly synthesized apoB remained at the same level with or without apple polyphenols (figure 3B), thus indicating that apple polyphenols inhibit early step of apoB synthesis and do not increase apoB degradation. As shown in figure 3C , after 3h chase, labeled secreted apoB secretion was decreased by 66% in the presence of apple polyphenols, i.e. in the same range that inhibition of apoB synthesis ( figure 3A) and inhibition of apoB48 secretion over 24h period of treatment with apple polyphenols ( figure 2A ).
MTP activity is not affected by apple polyphenols
It is well known that lipid transfer by MTP enzyme is necessary for the lipidation of nascent apoB and this enzyme is a major actor in the assembly and subsequent secretion of intestinal lipoproteins (26) . As it was previously shown that MTP activity was inhibited by flavonoids such as naringenin, hesperitin and quercetin (9, 27), we tested the possibility that apple polyphenols impair MTP activity in our model. MTP activity was measured after 24h incubation with or without 200 µg/ml apple polyphenols and micelles in the apical compartment. As shown in Fig. 4 after 8h incubation (Fig. 5B) . Moreover, measurement of [1, [2] [3] H(N)] cholesterol esters showed a 68% inhibition (11528±1933 vs 34692±5798 cpm/mg protein, p<0.01) at 8h (Fig. 5C ). Altogether these data suggest that ACAT activity was inhibited by polyphenols. Wilcox and colleagues recently demonstrated that flavonoids decreased ACAT activity as well as ACAT2 gene expression in HepG2 cells (9) . We therefore quantified ACAT mRNA levels by relative-quantitative realtime RT-PCR. As shown in Table 2 , the addition of apple polyphenols in the apical compartment did not induce any modification of ACAT2, ACAT1, MTP, apoB and HMGCo-A reductase mRNAs, underlying differences between hepatocytes and enterocytes. Thus, in the enterocytes, our results imply that ACAT is inhibited by polyphenols at the activity level.
Inhibition of ACAT activity is not sufficient to decrease intestinal lipoproteins secretion
In order to evaluate the effect of cholesterol esterification on intestinal lipoproteins secretion, Caco-2/TC7 cells were incubated with micelles in the presence or not of CP-113818, an ACAT inhibitor that was shown to inhibit ACAT intestinal activity (30) .
CP-113818, used at 40 nM in the range of IC50 of ACAT activity in human intestine (30) , inhibited the incorporation of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-oleic acid in cholesterol esters by 71% (p<0.001) (Fig. 6A) . The non significant decrease in intracellular newly synthesized triglycerides and phospholipids, demonstrated the specificity of the CP-113818
inhibitor when used at this concentration. Moreover, CP-113818 decreased the secretion of cholesterol esters by 61 % while that of triglycerides, phospholipids and apoB remained unchanged (Fig. 6 B and C) , suggesting that inhibition of cholesterol esters synthesis was not sufficient to inhibit the secretion of lipoproteins in Caco-2/TC7 cells.
Proacyanidin-enriched fraction reproduces the effects of apple polyphenols extract.
The apple polyphenols extract that we used contained procyanidins, chlorogenic acid, caffeic acid, (-)-epicatechin, (+)-catechin and phloretin-2'-glucoside (40-45%, 15-20%, 7-8%, 3-5%, 4-6% and 3-4% respectively). In order to identify the molecule(s) that could be involved in the control of intestinal lipoproteins metabolism, we carried out experiments with the different components of the extract, i.e. monomers or procyanidins. As procyanidins molecules differ in fruits and vegetables species, we performed procyanidins enrichment from total apple polyphenols extract using a Sephadex LH-20 column. All molecules were used at a concentration equivalent to that present in 200 µg/ml of apple polyphenols extract. As shown in Table 3 , chlorogenic acid, phloridzin, (-)-epicatechin, (+)-catechin, supplied alone or mixed together, did not modify the synthesis and secretion of cholesterol esters, triglycerides and phospholipids. By contrast, the procyanidin-enriched fraction purified from apple polyphenols, but not the procyanidin-depleted fraction, induced an inhibition of both cholesterol esters synthesis and lipids secretion, similarly to the pattern obtained with the total apple polyphenols extract (Fig. 7) .
DISCUSSION
Phenolic compounds which are present in fruits and vegetables have hypolipidemic properties in animal models fed a high-fat and/or a high-cholesterol diet (31) (32) (33) .
Studies performed in the liver attributed these beneficial effects to a decrease in the assembly and secretion of hepatic apoB-containing lipoproteins (8, 34, 35) . However, it must be emphasized that intestinal epithelium, the first tissue to face dietary compounds, plays a pivotal role in lipid homeostasis through TRL synthesis and secretion during the postprandial state. In the present study we demonstrate that, while polyphenols from wine had no effect, a procyanidin-enriched fraction isolated ACAT2 cDNA (9) . ACAT2 mRNA was significantly reduced when HepG2 cells were incubated with naringenin and hesperitin, whereas ACAT1 mRNA was unaffected (9).
We did not observe any change in ACAT1 and ACAT2 mRNA levels in our conditions. This suggests that, in enterocytes, the polyphenols-induced decrease in cholesterol esterification, does not occur through the control of ACAT gene expression. Altogether these results demonstrate that polyphenols interfere with esterification of both endogenous and newly absorbed cholesterol.
The second effect of apple polyphenols was to decrease the secretion of apoB100-and apoB48-containing lipoproteins. This inhibition concerned all the lipoprotein fractions and was dramatic in the absence of micelles supply. The requirement of apoB100 for triglycerides in order to escape intracellular degradation (37) explains that apoB100-containing lipoproteins mainly float at 1.006<d<1.063 mg/ml in the absence of exogenous lipid supply. By contrast, apoB48 is almost exclusively secreted as lipid-poor lipoproteins, i.e. "HDL-like" lipoproteins as reported by Liao et al (38) , corresponding to its lesser dependence towards triglycerides. In the presence of polyphenols, both apoB100-and apoB48-containing lipoproteins were barely detectable, which could indicate a blockade of apoB synthesis However, in the presence of micelles, polyphenols addition resulted in the secretion in apoB100-and apoB48-containing lipoproteins, which were recovered essentially in TG-enriched fractions. We demonstrated that apple polyphenols inhibited synthesis of apoB but did not change the degradation of the newly synthesized protein. This inhibition could occur during the initial steps of synthesis, as it was described for the action of insulin on hepatic apoB (39, 40) . Furthermore, it has been recently reported in HepG2 cells that lipid availability or transfer to apoB is required for the completion of its translation and translocation across the endoplasmic reticulum membrane (41, 42) .
In this regard, the amount of intracellular cholesterol esters has been proposed to control apoB secretion in HepG2 and Caco-2 cells (29, 43) . In contrast, we show that the amount of secreted apoB48 in the basal medium was not decreased by the ACAT inhibitor, CP113818, despite its efficient inhibition of cholesterol esterification. This (45) . Furthermore, it has been shown recently that VLDL secretion depends on a verapamil-sensitive mechanism for triglycerides accumulation in endoplasmic reticulum (46) . Accordingly, our results could be explained by a blockade of triglycerides availability in the endoplasmic reticulum lumen, upstream of MTP-mediated transfer, resulting in an impairment of apoB synthesis. Another hypothesis could be that polyphenols could impair the secretory process itself.
Another important finding in our study was that the procyanidin-enriched fraction from apple polyphenols was able to reproduce the effects of the total extract. Procyanidins are oligomeric structures made of flavanols, catechin and epicatechin. They are present in plants and have attracted increasing attention in the fields of nutrition and medicine, due to their potential health benefits (47) . To explain the biological effects of procyanidins, it was assumed that these molecules are bioavailable in their target tissues. However, it must be emphasized that, among all the oligomeric procyanidins structures, only monomers and dimers can be transferred through the intestinal barrier, the first epithelium that is met by these compounds. In our study, monomers
were found unable to reduce cholesterol ester synthesis and lipoprotein secretion, thus suggesting that dimers or larger oligomers interfered with intestinal lipoprotein metabolism. Dimeric procyanidins were found to inhibit NF-kB activation and IL-2 release when Jurkat cells were incubated with PMA (49). Recently Eng et al, demonstrated that procyanidin dimers specifically inhibit estrogen biosynthesis through their binding to the active site of aromatase. In addition, they showed that mixture of procyanidin dimers was more active than individual molecules and that mice fed daily with this mixture had significant reduction in androgen-dependenttumor growth (50) . Moreover, other reports have shown that the relaxing activity of procyanidins, in rat and human artery endothelium tended to increase as a function of polymerisation degree (51, 52) . Further studies are needed to analyse whether procyanidin polymers exert their inhibiting effects in our system through a signalling pathway, which remains to be determined. Finally, the differences observed between the effects of apple and wine polyphenols could depend of procyanidins content.
Indeed, apple polyphenols extract contains 10% of B1 and B2 procyanidin dimers, as compared to 1.5% in wine polyphenols extract. These differences could explain why wine polyphenols do not display the effects of apple polyphenols. (54), transport (55) or esterification (56) . In this respect, procyanidins are interesting candidates, because we demonstrate in this study that these natural molecules are able to inhibit cholesterol esterification and intestinal lipoprotein secretion at nutritional amounts. Caco-2/cells were grown on filters during 15 days and then incubated with micelles or micelles and apple polyphenols during 24
hours. [1- Procyanidindepleted fraction
